The accessibility of the +3 oxidation state for nickel(II) complexes with N 3 O 2 pentadentate Schiff base ligands prepared by condensation of naphthaldehyde or 3,5-dichlorosalicylaldehyde with triamines (Scheme 1) has been assessed in several solvents, by combining cyclic voltammetry and EPR spectroscopy of the oxidised metal complexes. The data show that trien/Metrien-based ligands act in pentadentate fashion and allow for the stabilisation of electrochemically and chemically generated nickel(III) complexes in all solvents used. 
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2 ], ground state, with a Ն b. For dien-based ligands, steric constraints prevent coordination of the amine nitrogen atom of the pentadentate ligand to the metal centre, thus enforcing a fourfold coordination on the ligand. The resulting complexes can be oxidised to nickel(III) species, but only when using iodine as oxidant, in DMF or (CH 3 ) 2 SO. The complexes are formulated as
Introduction
We have become interested in the redox chemistry of nickel(II) complexes with N 2 O 2 Schiff ligands, obtained by condensation of salicylaldehyde/naphthaldehyde with diamines, and on the characterisation of the oxidised/reduced species.
[1Ϫ10] These tetradentate ligands are noninnocent in oxidation and reduction processes, and their solution oxidative behaviour is intricate, as both the metal centre and the ligand can be the final electron donor. It has been found that, although ligands with substantial π delocalisation favour ligand oxidation, the solvent plays a determining role in controlling the final oxidation site, [1Ϫ8] since oxidation of square-planar Ni II complexes proceeds with the simultaneous coordination of two solvent molecules. Consequently, complexes are oxidised to Ni III only in strong donor solvents, such as DMF and (CH 3 ) 2 SO, whereas in poorly coordinating solvents, ligand oxidation takes place and the products are radical Ni II species [2, 3, 11] or Ni II conducting polymers. [7, 8] Nickel(III) complexes with these Schiff ligands are sixcoordinate, with the polydentate ligand defining the equatorial plane and with the two elongated axial bonds occu- [ [1Ϫ6] Axial bonds are labile, and substitution of solvent molecules by Lewis bases (such as pyridines, imidazole, phosphanes, and CN Ϫ ) is easily accomplished.
[1Ϫ6] All these adducts have the same ground state as the parent Ni III complex, but their decomposition to nickel(II) species is much faster.
In order to reduce solvent influence on the accessibility of the ϩ3 oxidation state in nickel complexes with Schiff bases derived from salicylaldehyde/naphthaldehyde, and thus to increase the range of solvents in which Ni III complexes can be obtained, we have synthesised similar ligands, but ones in which the diamines bear a nitrogen donor atom, thereby constituting potential pentadentate ligands. By changing the donor ability of the inserted nitrogen atom and the length of the carbon imine bridge, it is possible to control the structures of the complexes and the reactivities of the metal centres.
In this work, we report the characterisation, using EPR and electronic spectroscopy, of several electrochemically and chemically generated nickel(III) complexes with N 3 O 2 pentadentate Schiff base ligands, prepared by condensation of naphthaldehyde or 3,5-dichlorosalicylaldehyde with a triamine (Scheme 1). The accessibility of the ϩ3 oxidation state to nickel(II) complexes was assessed by cyclic voltammetry in several solvents. EPR was the technique of choice for studying nickel complex oxidation, as this technique allows a clear distinction to be made between metal-based and ligand-based oxidised species. The characterisation of nickel(III) species has revealed that these pentadentate ligands make the nickel(III) complexes less solvent-dependent, and thus it was possible to observe Ni III oxidised species in methanol, a solvent with moderate coordinating ability. Moreover, by replacing the axially bound atoms with increasingly strong donors, it was possible to demonstrate that the ligands were very flexible and to generate nickel(III) complexes with different ground states, by controlling the ratio of axial to equatorial ligand fields.
Scheme 1

Results and Discussion
Structural and Electronic Data for Nickel(II) Complexes
Like those of similar Schiff base complexes,
[12Ϫ15] the electronic spectra of nickel(II) complexes 1؊6 can be grouped into two sets on the basis of the size of the imine bridge: complexes with dien-based ligands and with trien-and Metrien-based ligands.
Spectra of complexes with dien bridges (1, 2) are very similar and exhibit high intensity bands in the range 380Ϫ460 nm, attributed on the basis of their extinction coefficients to CT and intraligand electronic transitions. The lack of any observed d-d bands above λ ഠ 500 nm, since they must be masked by the high intensity bands, implies a four-coordinate environment for the nickel centre. [12, 15] Thus, the amine nitrogen atom of the bridge is not bound to the metal centre and the ligand acts in tetradentate fashion in a cis conformation.
The crystal structure of [Ni(Cl 4 salMetrien)] (6) has been determined; [16] the nickel atom was found to be in a distorted octahedral coordination geometry, with the pentadentate ligand acting effectively as an N 3 O 2 donor and with a solvent molecule (1,4- , and highintensity bands (CT and intraligand) at wavelengths Ͻ 500 nm.
The similarity between the electronic spectra of 6 in the solid state and those of the other trien-and Metrien-based complexes, for which no crystal data are available, is taken to imply that the latter complexes may have similar structures. The ligands are thus assumed to act as pentadentate and to bind in a trans conformation. Furthermore, the similarity of the electronic data for complexes 1؊6 in the solid state and in DMF solution additionally suggests that, in solution, the complexes may have structures that resemble those in the solid, with the sixth position occupied by a solvent molecule.
For complexes with the same aldehyde moieties, those with trien bridges have the d-d bands at higher energies than those with Metrien bridges. This hypsochromic shift reflects the relative position of secondary and tertiary amine nitrogen atoms in the spectrochemical series. [17] On the other hand, the d-d bands of complexes derived from naphthaldehyde are red-shifted relative to those of the corresponding chlorosalicylaldehyde derivatives, implying that the latter are stronger ligands in the nickel(II) complexes studied.
Cyclic Voltammetry of Nickel(II) Complexes
Cyclic voltammetric data in MeOH, DMF, and (CH 3 ) 2 SO are presented in Table 1 . As with the spectroscopic data, the electrochemical responses can be grouped into two sets: complexes with dien bridges, which are irreversibly oxidised in all solvents, and complexes with trien and Metrien bridges, for which one oxidation process is normally observed in the potential range studied.
For dien-based complexes, scan rates up to 1.0 V s Ϫ1 were used. For high sweep rates only one incipient anodic wave could be observed for [Ni(napdien)], and this only in DMF and in (CH 3 ) 2 SO. Furthermore, when chemically oxidised with iodine, all dien-based complexes exhibit Ni III EPR signals in frozen DMF and (CH 3 ) 2 SO solutions (see below). These observations suggest that a very fast chemical decomposition of the electrogenerated nickel species may occur in these strongly coordinating solvents after charge transfer, as the carbon backbone of the imine bridge is long enough to induce significant tetrahedral distortions in the com- [18] plexes and to make it difficult for solvent molecules to coordinate to the metal centre, thus hindering stabilization of the ϩ3 oxidation state. [2, 3, 11] On the other hand, the cyclic voltammograms of trienand Metrien-based complexes (3؊6) show one anodic wave and the corresponding cathodic wave, with the exception of solutions of naphthaldehyde derivatives in MeOH, which are irreversibly oxidised ( Figure 1) . The E 1/2 values for complexes with naphthaldehyde derivatives are less positive than those of the corresponding chlorosalicylaldehyde derivatives. The anodic-cathodic peak potential separations in all solvents are similar to, or (in the case of chlorosalicylaldehyde derivatives) somewhat larger than, those observed for the Fc ϩ /Fc couple. The i pc /i pa ratios in DMF and (CH 3 ) 2 SO are practically constant and equal to 1 for the naphthaldehyde derivatives, whereas for the chlorosalicylaldehyde derivatives the ratios are smaller (ca. 0.80). With increasing scan rates, a linear dependence is observed between i p and v 1/2 . 
Ϫ1
Electrochemical data for the complexes with trien and Metrien bridges are consistent with one electron diffusion controlled oxidation process Ni II Ǟ Ni III [18] (see below). For complexes with 3,5-dichlorosalicylaldehyde-based ligands (4, 6), there is direct evidence of a chemical decomposition path for the electrogenerated Ni III species after charge transfer, whereas for naphthaldehyde derivatives, the decomposition path is not evidenced under the experi-mental conditions used for the cyclic voltammetry. However, during the electrolysis of the complexes (a longer timescale technique), decomposition of the oxidised species was observed for all complexes. Chemical decomposition of electrogenerated Ni III species has also been observed in complexes with N 2 O 2 tetradentate Schiff base ligands, [2, 3, 11] and although no quantitative studies have been performed for the complexes used in this work, we would like to point out that decomposition of the oxidised species are slower for complexes with pentadentate ligands as compared to Ni III species with tetradentate N 2 O 2 Schiff bases.
Redox Potentials
Our studies on the electrochemical properties of nickel(II) complexes with N 2 O 2 coordination spheres [1Ϫ6] have shown that oxidation of the metal centre is markedly dependent on the donor capacity of the solvent, and is restricted to solvents with good donor properties, such as DMF and (CH 3 ) 2 SO. When an axial nitrogen donor atom capable of binding to the metal centre is introduced into the ligand (as in trien and Metrien) we observe: (i) a stabilisation of the Ni III species, as inferred from their lower E 1/2 values and slower decomposition relative to similar N 2 O 2 nickel(II) complexes, and (ii) a less marked dependence on the solvent. However, in MeOH, a solvent with lower DN value, a reversible process could only be observed for chlorosalicylaldehyde derivatives (stronger ligands). Our results suggest that, even for these five-coordinate ligands, the oxidation requires a moderately strong solvent, which means that axial interactions with solvent molecules still play an important role in the stabilisation of the ϩ3 oxidation state.
As regards the dependence of redox potential on the ligands for complexes 3؊6, those with Metrien bridges exhibit more positive E 1/2 values than those with trien bridges, contrary to prediction based upon the relative inductive effects of hydrogen atoms and methyl groups. Similar behaviour has been observed in other nickel complexes with similar trien-and Metrien-based ligands and has been attributed to a weakening of the axial bond due to steric constraints between the methyl groups and the propylene backbone of the bridge. [19, 20] On the other hand, the complexes with ligands derived from naphthaldehyde exhibit less positive E 1/2 values than those derived from chlorosalicylaldehyde, for which the strongly electron-withdrawing substituents (Cl) should reduce electron density on the chelate ring, and thus on the metal ion, making it harder to oxidise the metal centre.
EPR and Electronic Spectra of the Oxidised Species
When nickel(II) complexes 3؊6 are oxidised electrochemically in DMF, the solution colour changes from greenish to yellow-brown, implying formation of new species. Frozenmatrix EPR spectra of all electrolysed solutions are similar, and show significant rhombicity and large g tensor anisotropy, with g av [g av ϭ (g 1 ϩ g 2 ϩ g 3 Chemical oxidation of complexes 3؊6 with iodine were first performed in DMF. Frozen-matrix EPR spectra of these solutions are identical to those of electrolysed solutions and thus imply the same coordination environment for the nickel(III) species, regardless of the oxidation method used. We also observed that chemically oxidised solutions, owing to the presence in solution of excess oxidant, are more stable at room temperature than those obtained electrochemically. The similarity of the EPR and the longer half-lives of the chemically oxidised solutions, prompted us to examine chemical oxidation of complexes 1؊6 (hence including complexes with dien bridges) in other solvents. The study was extended to two other O-donor solvents, MeOH, and (CH 3 ) 2 SO, and to acetonitrile, a N-donor solvent.
Chemically oxidised solutions of complexes 3؊6 in MeOH and (CH 3 ) 2 SO exhibit frozen EPR spectra that are very similar to those in DMF, with g values in the same range, and a well resolved triplet (1:1:1) observed in the high magnetic field region, with a 3 ϭ 2.03Ϫ2.30 mT. Frozen EPR spectra of the chemically oxidised solutions in MeCN exhibit the same g features as those in the O-donor solvents, but with a poorly resolved multiplet, not a triplet, in the high magnetic field region. The spectra for nickel(III) species with trien-and Metrien-based ligands in MeCN are presented in Figure 2 (B) and 3 (B), and the EPR parameters are summarised in Table 2 .
Solutions of [Ni(napdien)] and [Ni(Cl 4 saldien)] (1, 2) were also chemically oxidised in the same solvents, and the oxidised samples were immediately frozen in liquid nitrogen. The oxidised solutions exhibit EPR spectra, but their g features depend on the solvent used. EPR data for 1؊2 are presented in Table 2 and spectra of 1 are depicted in Figure 4 . In DMF and (CH 3 ) 2 SO, the spectra exhibit large g tensor anisotropy, with g av in the range 2.15Ϫ2.16, and small rhombicity; however, no hyperfine couplings were detected in any g region (Figure 4, C,D) . The EPR spectrum in MeCN shows two superimposed signals with similar intensities: one signal for which the low-field components have a g value similar to those of the chemically oxidised species in DMF and (CH 3 ) 2 SO, and one isotropic signal, with g ഠ 2.00, due to radical species, which masks the highfield component of the other signal ( Figure 4, B) ; in MeOH a(N) the spectrum exhibits only the isotropic signal at g ഠ 2.00 (Figure 4, A) .
The similarity between the g values in the spectra of the chemically oxidised [Ni(Cl 4 In contrast, nickel(II) complexes 3؊6 are oxidised to Ni III species in all solvents used, and their EPR spectra show behaviour quite different from that of the related complexes with dien-based bridges (Figure 2, Figure 3 , and Figure 4) .
[21Ϫ24] The observation of one well-resolved triplet in the low g region (g z ) in O-donor solvents, changing to a poorly resolved multiplet in MeCN Electronic spectra of electrochemically and chemically oxidised solutions of complexes 3؊6 in DMF are very similar in the NIR region, but the very intense bands due to the iodine/iodide pair in the chemically oxidised solutions prevent comparisons below λ ϭ 600 nm. No electronic spectra could be obtained for electrochemically or chemically oxidised solutions of complexes 1؊2 in DMF, since decomposition of oxidised species is very fast even in cold fluid solutions (just above the melting point).
Electronic spectra of electrochemically oxidised solutions of 3؊6 in DMF exhibit a very broad, medium intensity band in the near IR region (λ max ϭ 950Ϫ1100 nm, ε ϭ 200Ϫ900 mol Ϫ1 dm 3 cm Ϫ1 ) and very intense bands at λ max Ͻ 550 nm (εϾ 3000 mol Ϫ1 dm 3 cm Ϫ1 ). Spectra recorded sequentially at 5-min intervals reveal (i) a gradual weakening in the NIR band, until it disappears completely, and (ii) a simultaneous blue shift of the high intensity bands. The spectra obtained after the disappearance of the NIR band are typical of nickel(II) complexes and correspond to solutions in which all nickel(III) species have decomposed, as confirmed by their silent EPR spectra. Moreover, since no electronic bands due to nickel(II) precursors could be detected above 400 nm, the medium intensity NIR bands in the spectra of oxidised solutions may thus be unambiguously attributed to d-d transitions of nickel(III) species generated in situ. The high-intensity bands include chargetransfer bands attributed to Ni III species and to Ni II precursor complexes/nickel(II) decomposed species. Electronic spectral data for nickel(III) species are presented in Table 3 . Electronic band maxima occur in the range of values observed for six-coordinate nickel(III) complexes with N 2 O 2 Schiff base ligands derived from the same aldehyde derivatives and two solvent molecules.
[2Ϫ6] Analysis of the data in Table 3 reveals that the general trends in band maxima observed for the precursor Ni II complexes also apply to the corresponding nickel(III) species: (i) complexes with dichlo-rosalicylaldehyde derivatives have electronic bands at shorter wavelengths than those with naphthaldehyde, hence suggesting that the latter ligands also act as weaker ligands for nickel(III), and (ii) given the same aldehyde moiety, complexes with Metrien bridges have band maxima at longer wavelengths than those with trien bridges, indicating that the methyl group, due to steric constraints as outlined for the parent nickel(II) complexes, does not increase the ligand field.
Pyridine Adducts
The solutions obtained by addition of pyridine, and of cyanide ions, to [Ni III L(Solv) 2 ] ϩ , L ϭ napdien and Cl 4 saldien (1, 2) were found to be EPR-silent, which suggests that the decomposition rate of the new species must be fast enough to prevent observation with the experimental setup used.
Upon addition of pyridine (natural abundance and 15 Nenriched) to freshly prepared DMF solutions of [Ni III L(DMF)] ϩ (L ϭ naptrien, napMetrien, Cl 4 saltrien, Cl 4 salMetrien), new species were formed, as could be inferred from the rapid colour change to dark brown. The resulting solutions are EPR-active and the frozen solution spectra of complexes with trien and Metrien bridges exhibit different g patterns.
Complexes with Metrien Bridge Ligands
The EPR spectra of [ 14 N]py adducts with [Ni III L(DMF)] ϩ (L ϭ napMetrien, Cl 4 salMetrien), are similar, with rhombic symmetry and a g pattern (g 1 Ϫ g 2 Յ g 2 Ϫ g 3 ) that resembles that of the nickel(III) precursor complexes. In the high magnetic field region, a well-resolved quintuplet is observed (Figure 3, C) , with an apparent 1:2:3:2:1 intensity pattern with a 3 ϭ 0.19 mT. The ground state is thus assumed to be 2 
, with a Ն b, and g 1 ϭ g x , g 2 ϭ g y , and g 3 ϭ g z .
[21Ϫ25]
The need to identify the origin of the quintuplet prompted us to perform the same experiments, but using 
Complexes with trien Bridge Ligands
The Electronic data for the pyridine adducts are summarised in Table 3 . The spectra show a broad, medium-intensity band in the NIR region, λ ϭ 975Ϫ1000 nm, and high-intensity bands below 450 nm. On monitoring the spectra at 5-min intervals it was possible to observe a continuous loss of band absorbance for the electronic transition at low energies and a blue shift of the intense bands at high energies, an unambiguous indication that the bands in the NIR are due to d-d transitions in Ni III pyridine adducts. The d-d bands are shifted to higher energies relative to those of the Ni III precursor species, and the shift is related to the increase in ligand field when the sixth axial ligand is changed from DMF to pyridine.
Although no direct information concerning the number of coordinated pyridine molecules could be obtained, we propose that, in the adducts with naptrien and Cl 4 saltrien, only one pyridine should be bound (Scheme 3), since in complexes with Metrien base ligands, which impose weaker ligand fields, only one pyridine molecule is bound to the nickel centre.
Cyanide Adducts
Upon addition of potassium cyanide, the solution colour of freshly electrooxidised solutions of [Ni III L(DMF)] ϩ (with L ϭ naptrien, napMetrien, Cl 4 saltrien, Cl 4 salMetrien) changes from yellow-brown to green. Frozen solutions of cyanide adducts show EPR spectra that are typical of Ni III species, but with a g pattern different to that observed for the parent Ni III complexes and to those of pyridine adducts. These observations provide a clear indication that cyanide binds to the nickel(III) centres.
Frozen-matrix EPR spectra of all cyanide adducts show quasi-axial symmetry and a g pattern typical of low-spin, six-coordinate complexes with axial elongation, and with a 2 A 1 ground state,
, with a ϾϾ b; g 1 ϭ 2.18Ϫ2.16, g 2 ϭ 2.16Ϫ2.15, g 3 ഠ 2.02, and g 1 ϭ g x , g 2 ϭ g y , and g 3 ϭ g z in both cases (Table 4) . [1Ϫ6,21Ϫ25] No hyperfine splittings were detected in the spectra of the adducts with trien-based ligands (Figure 2, E) , but those of Metrienbased complexes exhibit a high-field signal split into three lines (not 1:1:1 triplet, a ϭ 0.19 mT) (Figure 3, E) . In order a(N)
[Ni(Cl 4 salMetrien)] 
[Ni(Cl 4 saltrien)] [a] The value of g av was calculated as (g x ϩ g y ϩ g z )/3. Ϫ to interpret the spectra, we made use of 13 CN Ϫ and found that the EPR spectra of the enriched adducts are identical to those with natural abundance CN Ϫ (Figure 2 , F, and Figure 3 , F): a clear indication that no direct spin interaction of the nickel unpaired electron with the carbon atom of the cyanide ion takes place. Furthermore, we note that the spectrum of [Ni III (CN) 6 ] 3Ϫ is completely different from those reported here, [26] which implies that displacement of the pentadentate ligand by cyanide ions had not taken place.
The number of bound cyanide ions could not be determined, and the complexes may thus be formulated as [Ni . However, the latter hypothesis gained some support by the large hypsochromic shift (stronger ligand field) in the d-d transitions, relative to those of the nickel(III) precursor complexes, observed upon cyanide coordination.
Before attempting to interpret the EPR spectra of the cyanide adducts, we must stress that, for all the other Ni III species referred to above, the equatorial plane was defined by the ligand {[N 2 (imine)O 2 ]} atoms and the molecular z axis was the [N(amine)ϪNi
III ϪX] axis (X ϭ solvent or py) (Scheme 3 and Scheme 4).
Complexes with trien Bridge Ligands
The recognition that the spectra are unambiguously attributable to an axially elongated d [26Ϫ28]
Complexes with Metrien Bridge Ligands
The key difference in the EPR spectra of Metrien derivatives is the observation of hyperfine splittings in g z . As identical spectra were observed for 12 
CN
Ϫ and 13 CN Ϫ , the cyanide ions cannot be considered as the origin for the observed splitting. The atoms causing the observed splittings must be the nitrogen atoms of the polydentate ligand, 14 N (I ϭ 1). The only explanation for the observed multiplet is to assume that the spectra of Metrien derivatives are the superimposition of two spectra: (i) one without any hyperfine splitting and which is similar to those of the trien derivatives, and (ii) the other, which exhibits a 1:1:1 triplet in the g z region (a ϭ 2.00Ϫ2.10 mT). The former spectra must correspond to species with the same configuration as those
Ϫ1 (with L ϭ naptrien, Cl 4 saltrien), with the polydentate ligand in a trans conformation. The latter spectra can be accounted for by assuming that the same change in the z axis has occurred, but with the z axis defined by one imine nitrogen atom and one oxygen atom of the polydentate ligand, which implies a cis configuration for the polydentate ligand (Scheme 4).
Conclusions
The accessibility of the ϩ3 oxidation state in the nickel(II) complexes 1؊6 is determined primarily by the binding or non-binding of the polydentate ligand amine nitrogen atom to the metal centre, which in turn depends on the number of carbon atoms in the imine bridge. Complexes with dien bridges are irreversibly oxidised in all solvents, under the experimentally used cyclic voltammetric conditions, whereas complexes with trien/Metrien-based ligands show quasi-reversible processes. In the former, steric constraints prevent coordination of the amine nitrogen atom to Ni II , thus enforcing a tetradentate coordination mode for the ligand, but with trien/Metrien bridges the ligand enforces a true N 3 O 2 pentadentate coordination sphere.
Formation of nickel(III) complexes takes place with the simultaneous increase of the coordination number to 6, by binding of solvent molecules. Analysis of EPR spectra has permitted unambiguous identification of the oxidised species. Spectra of oxidized trien/Metrien-based complexes are anisotropic, with a 2 A 1 ground state (a Ն b), and provide direct evidence for coordination of the imine bridge nitrogen atom. On the other hand, chemically oxidised dienbased complexes in DMF and (CH 3 ) 2 SO exhibit quasi-axial spectra with a 2 A 1 ground state (a ϾϾ b) and no hyperfine couplings, which indicates that the amine nitrogen atom is not coordinated. The difference in stability of dien-and trien/Metrien-based complexes is thus attributable to the binding of the bridging amine nitrogen atom. With one axial coordination position occupied by a strong donor (the ligand amine nitrogen atom), the stabilization of species oxidised at the metal centre is less sensitive to the coordination ability of the solvent molecule bound to the other axial position.
The stability of the Ni III trien/Metrien-based complexes has prompted the study of the interaction of these complexes with pyridine and cyanide ion, ligands of increasing ligand strength. EPR data have made it clear that these polydentate ligands provide a flexible coordination sphere, and that by varying the equatorial/axial ligand field ratio it is possible to obtain Ni III species in three different ground states. Furthermore, it has become evident that the ground state of Ni III species is also dependent on the substituents on the imine bridge nitrogen atom: ϪH (trien) or ϪCH 3 (Metrien).
For pyridine adducts of Metrien-based complexes, a ground state similar to that of the parent Ni III ), a more drastic change in the ground state was observed. The rhombic spectra of the parent complexes changed to axial EPR spectra, typical of complexes with a ground state that is formulated as 2 A 1 , with a ϾϾ b. Combining this result with the non-observation of any hyperfine splitting in trien-based complexes, we propose that the strong ligand field of cyanide ions causes a shortening of the NiϪC bond lengths, so as to change the principal molecular axis of Ni III complexes, but in which the ligand exists in a trans conformation. For Metrien-based complexes, similar spectra have been observed, but with hyperfine splittings in the high magnetic field region. The same changes in the principal molecular axis are assumed, but analysis of the hyperfine splitting pattern has prompted us to propose the existence of Ni III complexes in which the ligands exist in trans and cis conformations, probably a consequence of the steric requirements of the amine nitrogen methyl group.
Experimental Section
Reagents and Solvents: Solvents and reagents for synthesis were obtained from commercial sources and used as received. The solvents used in electrochemistry were from Merck (pro analysi). Pyridine and potassium cyanide were from Merck (p.a. [29] from the bromide salt (Aldrich) and perchloric acid (Merck, p.a.). sing during the electrolysis was varied from 20 to 45 min; the upper limit was chosen to avoid extensive decomposition of the oxidised species. Chemically oxidised nickel(III) species were obtained by addition of a large excess (ca. 50%) of iodine to solutions of the nickel(II) precursors. Because of the instability of the electrogenerated Ni III species it was not possible to isolate solids, and so these species were generated shortly before measurements and kept frozen in liquid nitrogen. The decay of Ni III species is significantly lessened at low temperatures, and the samples are stable for several days when kept in liquid nitrogen. The adducts were prepared at temperatures just above the softening point of the frozen glass, by addition of freshly electrolysed solution of nickel(III) to frozen solutions or suspensions of the corresponding bases.
Physical Measurements: Elemental analysis (C, H, and N) were performed at the Departmento de Química, Faculdade de Ciências, Universidade do Porto. Ϫ Electrochemical measurements were made with a PAR 273 potentiostat, using solutions ca. 10 Ϫ3 mol·dm Ϫ3 in nickel(II) complex and 0.1 mol·dm Ϫ3 in NEt 4 ClO 4 . Ϫ Cyclic voltammetry was performed in MeOH, DMF, and Me 2 SO, using a platinum microsphere as working electrode, a platinum wire as counter-electrode, and an Ag/AgCl (1 mol·dm Ϫ3 NaCl) reference electrode. All potentials are reported relative to that of the reference electrode and to E 1/2 of the ferrocenium/ferrocene couple; under the experimental conditions used, E 1/2 for the latter couple is 0.48 V in Me 2 SO, 0.47 V in DMF and 0.45 V in MeOH. Scan rates from 0.05 to 0.50 V·s Ϫ1 were used, and the low and high potential limits were 0.00 V and 1.20 V. Ϫ Electrolyses in DMF were carried out at controlled potential, at values about 0.10 V higher than the anodic peak potential in a three-electrode cell, using platinum gauze as working and counter-electrodes, and an Ag/AgCl (1 mol·dm Ϫ3 NaCl) reference electrode (all from Metrohm). Ϫ Electronic spectra were recorded with a Shimadzu UV 3101PC spectrophotometer, in the range 1500Ϫ300 nm. Conditions used were: room temperature, 10 Ϫ2 and 10 Ϫ4 mol·dm Ϫ3 , for nickel(II) complexes; and temperature about 4°C and 10 Ϫ3 mol·dm Ϫ3 Ni II solutions for chemically and electrolysed Ni III complexes. Ϫ EPR spectra were obtained at 77 K with a Bruker ESP 300E X-band spectrometer, using an insert Dewar. The magnetic field was calibrated by using Mn 2ϩ in MgO, and diphenylpicrylhydrazyl was used as internal reference (dpph; g ϭ 2.0037). The reported EPR parameters were obtained by spectral simulation using the programme WinEPR Simfonia (Bruker) and assuming rhombic Spin Hamiltonians; line widths were typically in the range 1.5Ϫ2.0 (z) to 1.5Ϫ3.0 (x, y) mT. The values of a(N) x,y are less accurate, due to the low spectral resolution. Typical experimental conditions used: microwave power 10Ϫ15 mW; modulation amplitude 0.5 mT; modulation frequency 100 kHz.
